Abstract-A shape-shifting mobile robot named AMOEBA-I has diverse configurations. Cooperative reconfiguration is presented to improve the robot's reconfigurable ability and adaptability in unstructured environments. Cooperative reconfiguration method is analyzed theoretically. A mathematical model is established correspondingly and the kinematical relations among the three modules during the cooperative reconfiguration are determined. The transformation is implemented between two specific configurations. Then, an evaluation is proposed for AMOEBA-I's cooperative reconfiguration performance. The feature of cooperative reconfiguration methods is compared through the theoretical analysis and experiments. Experimental results prove the validity of the cooperative reconfiguration methods on various grounds.
I. INTRODUCTION
The frequent nature disasters and man-made catastrophes during the last decades such as earthquake, typhoon, hurricane, earthquake, radiation and terrorist attack have aroused people's attentions on the importance of Urban Search and Rescue (USAR). Although people have been more watchfulness than before, a large number of people still have died in unprofessional rescue due to inadequate equipments and being lack of professional manpower [1, 2] . Timely searching for victims and subsequent rescue operations from the rubble of collapsed buildings are highly required. Since these operations are very dangerous for human workers and even for trained dogs, autonomous mobile systems are highly needed to help in finding trapped victims. It is a great challenge to develop search and rescue robot that can actually works in the disaster site. The search and rescue robot research includes not only the robotics technology but also the rescue technology and the disaster science.
Researches sponsored by the governments and companies have resulted in the emergence of various kinds of search and rescue robots [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Since earthquake happens in Japan frequently, intelligent rescue systems with high information and robot technology have been expected to mitigate disaster damages, especially after the 1995 Hanshin-Awaji Earthquake. From 2002, "Special Project for Earthquake Disaster Mitigation in Urban Areas" (a 5 years project which also is called DDT project) was launched by Ministry of Education, Culture, Sports, Science and Technology, in Japan. Various kinds of search and rescue robots have been developed such as Souryu (by Prof. Hirose, Tokyo Tech), Moira (by Prof. Osuka, Kobe Univ.), KOHGA (by Prof. Matsuno, University of Electro-Communications) and so on [3] . In America, the rescue robot research has drawn much attention too. Several robots were used for the search and detection operation in the collapsed World Trade Center building in September 2001 [2] . In University of South Florida (USF), Professor Murphy and her fellow have developed "Bujold", a kind of search and rescue robot that has the ability of shape shifting and is equipped with many sensors [4] . In Carnegie Mellon Robotics Institute, researchers have developed multi-joint robot for inspection [5] . Foster-Miller Company also carries out TALON Robot series for search and rescue mission [6] . In China, the shape-shifting robot named AMOEBA-I has been developed for search and rescue operation [7, 8, 9] .
According to the characteristics of the shape-shifting robot, the cooperative reconfiguration method is proposed to improve the robots' adaptive abilities of transforming on various grounds in complex environments. Both the theoretical analysis and experiments have been performed to analyze cooperative motion characteristics of modules, and to validate the cooperative reconfiguration method applied on various grounds.
II. THE FEATURES OF AMOEBA-I
A. Structure of AMOEBA-I AMOEBA-I is composed of three modules. A single-module is mainly composed of a link arm, a track driving system, an offset Yaw joint driving system, and a Pitch joint driving system. The module is shown in Fig.1 and its main specifications are listed in Table I AMOEBA-I is a tracked robot which can traverse the various terrains by transforming its configurations. The key advantage of this type over other link-type vehicle is its adaptability to environments through various configurations. The structure of the AMOEBA-I is shown in Fig.2 The shape-shifting robot has nine kinds of configurations as shown in Fig.3 . Each configuration has the corresponding special capability. The T-configuration possesses the better motion ability, stability and mobility, while d-configuration possesses the better ability of passing and traversing obstacles. In the following, the transformation between the T-configuration and d-configuration is mainly analyzed. 
B. Structure of the control system
The control system of the whole robot is composed of a wireless module, a main control module, motor control system and sensor-based feedback control system, as shown in Fig.4 .
Main control module is the decision-making unit of the robot, which estimates the position, plans the path, and changes the configuration of the robot according to the environment information provided by the feedback control system.
The motor control system consists of execution unit 1 to 7. The execution unit 1 to 3 control the driving motor of module 1, 2 and 3 respectively. The execution unit 4 and 6 control the pitch joint of module 1 and 2, respectively. The execution unit 5 and 7 control the yaw joint of module 2 and 3, respectively. The sensor-based feedback control system consists of controller 8 to 12, as well as the electron compass, GPS, laser range sensor, inclinometer and ultrasonic sensors. The controller 12 receives the data from controllers of ultrasonic sensors by CAN bus and processes them. All the sensors receive the information from the environment and transmit the data to corresponding controllers, in which pre-settled algorithms are used to deal with them, and then results are sent to the PC. MAX232s are used as the level-converter, which works as bilateral converters between RS232 level and TTL.
III. COOPERATIVE RECONFIGURATION METHOD AND ANALYSIS

A. Cooperative reconfiguration method
Considering the structure features of the shape-shifting robot, the transformation between T-configuration and d-configuration is mainly influenced by ground conditions. As a result, the robot cannot successfully complete the transformation in practice when it encounters very rough ground. One reconfiguration method is presented to extend the application scope of the shape-shifting robot, which can be applied to the transformation between T-configuration and d-configuration. 
IV. COOPERATIVE RECONFIGURATION ANALYSIS
To simplify the relation among the track driving force, the driving speed, and the turning resistance moment of the ground during the transformation, the hypotheses are as follows:
1) The robot moves on the flat and hard ground; 2) Reconfiguration is at the low speed; 3) Air-resistance and inner resistance is ignored; 4) The grounding pressure of single track is uniform. As shown in Fig.7(a As shown in Fig.7(b) , v cx3 and v cy3 is the velocity component of point C in the x 3 and y 3 axes. v x3 and v y3 is the velocity component of point O 3 in the x 3 and y 3 axes . α 2 is the angle between module 2 and 3.
The velocity v c of point C and a cx3 and a cy3 are the acceleration of point C in the x 3 and y 3 
The velocity v 3 of geometry centre O 3 of module 3 in the x 3 and y 3 axes: 
Driving velocities of three modules:
The gravity center of the shape-shifting robot locates in the core area of the ground, In reference to the method, modeling the action and turning resistance moment of every module with ground.
The traction force and the lateral force of the track: 
As shown in Fig.8, F ri (i=1, 2, 3) is the traction force of modules. F η and F η3 are lateral force. F sy and F sx are the acting force of module 2 with module 3. 
Combine the above formulas, and eliminate the inner force between module 1 and 2. Since the angular acceleration is quite little when the track robot transforms, therefore, the robot reconfiguration motion equations can turn into ones with three unknown variable, v cx3 , v cy3 and According to (19)~(21), the value of v cx3 and v cy3 , corresponding to α 2 which ranges from 0° to 180°, can be yielded. And combining (1) to (7), relation among the driving speed, v l1 , v l2 and v l3, of every module during the shape-shifting robot transforming from T-configuration to d-configuration and 2 α i can be yielded.
V. COOPERATIVE RECONFIGURATION PERFORMANCE EVALUATION
Whether the robot can transform and satisfy the requirement of the task can be indicated with the help of the robot cooperative reconfiguration evaluation. These indications represent the robot reconfiguration ability. The indications are given based on theoretical analysis and experiments:
1) Ground conditions
Whether the robot can complete the reconfiguration depends on the reconfiguration environment. It means that the reconfiguration can be completed on the smooth ground instead of the rough ground, as the reconfiguration method mentioned. We should learn the ground condition for reconfiguration in order to determine which method to apply, and which configuration to perform. However, the ground condition is usually uncertain so one common reconfiguration method which can be taken on various grounds needs to be developed.
2) Reconfiguration space
In unstructured environments, reconfiguration may be restricted by space. Since every kind of reconfiguration demands proper space to complete, we need not take some reconfiguration methods to save time and energy when there is not enough space.
3) Intermediate state When the shape-shifting robot is transforming during tasks to adapt to environment, it will go through some kinds of intermediate state. For instance, when transforming from T-configuration to d-configuration, the robot goes through the intermediate state, q-configuration or others. We need consider which reconfiguration takes the shortest path and makes the best use of known reconfiguration space.
VI. EXPERIMENTS AND ANALYSIS
Main parameters of robot: length of single module is 42cm; width of single module is 15cm; total length of robot is 74 cm; total length of robot is 52 cm; m is 5kg; Δm is 3kg. μ=0.37, the friction factor of single module driving indoor, measured by load cell, which is used to calculate friction in the following experiments because the robot has no sensor measuring the friction factor. Fig. 9 demonstrates the process that the robot transforms on the smooth indoor floor. It is demonstrated that the robot can transform sequentially between configurations steadily, which takes less than 1min and be able to repeat. This reconfiguration method can take advantage of the configuration, and adapt to environments to meet the need of tasks. Fig. 10 demonstrates that the robot is able to transform outdoor, which cannot be completed by the traditional reconfiguration method, thus, it is possible to finish outdoor tasks by the cooperative reconfiguration method. Table II demonstrates the corresponding required space to complete the reconfiguration on the indoor floor or outdoor road. Fig .11 shows the experiment that the AMOEBA-I in the d-configuration is moving in the simulated urban relic environment outdoor. From this experiment, it is proved that this special configuration can adapt well to the complicated terrain in the urban relic environment. Fig.11(a) and Fig.11(b) show the simulative urban relic environment. Fig.11(c) shows the initial configuration of the AMOEBA-I. Fig.11(d) , Fig.11 (e) and Fig.11(f) show that robot passes though the narrow space by using d-configuration.
A. Ccooperative reconfiguration Experiment
(a) (b)
(e) (f) Fig.11 Experiments in the simulated relic environment outdoor VII. CONCLUSION According to the mechanical characteristic of the shape-shifting robot, the cooperation reconfiguration method is proposed to solve the difficulty of transforming on rough grounds.
This method is verified by the theoretical analysis and experiments, in which the robot possesses the ability of transforming on various grounds, performing two specific configurations. It can also provide the space required of completing the reconfiguration of the robot. Because of the advantages of each configuration, it can improve the ability of environment adaptability. This research provides the important reference for the application of the shape-shifting robot.
